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Abstract: High performance liquid chromatography-ultraviolet (HPLC-UV) was applied to the
analysis and characterization of olive oils and other vegetable oils. A chromatographic separation on
a Zorbax Eclipse XDB-C8 reversed-phase column was proposed under gradient elution, employing
0.1% formic acid aqueous solution and methanol as mobile phase, for the determination of
14 polyphenols and phenolic acids, allowing us to obtain compositional profiles in less than 20 min.
Acceptable sensitivity (limit of detection (LOD) values down to 80 µg/L in the best of cases), linearity
(r2 higher than 0.986), good run-to-run and day-to-day precisions (relative standard deviation (RSD)
values lower than 11.5%), and method trueness (relative errors lower than 6.8%) were obtained.
The proposed HPLC-UV method was then applied to the analysis of 72 oil samples (47 olive oils and
27 vegetable oils including sunflower, soy, corn, and mixtures of them). Analytes were recovered
using a liquid–liquid extraction method employing ethanol:water 70:30 (v/v) solution and hexane as
extracting and defatting solvents, respectively. HPLC-UV polyphenolic profiles using peak areas were
then analysed by principal component analysis (PCA) to extract information from the most significant
data contributing to the characterization and classification of olive oils against other vegetable oils,
as well as among Arbequina and Picual olive oil varieties. PCA results showed a noticeable difference
between olive oils and the other classes. In addition, a reasonable discrimination of olive oils as
a function of fruit varieties was also encountered.
Keywords: high performance liquid chromatography; UV-detection; polyphenols; principal
component analysis; food characterization; olive oils; vegetable oils
1. Introduction
The health of the individual and the population in general is the result of interactions between
genetics and a number of environmental factors, nutrition being one of the factors of major
importance [1,2]. An appropriate diet can prevent non-communicable disease linked to chronic
inflammation such as cancer, diabetes, metabolic syndrome, obesity, pulmonary diseases, and cognition
disorders. The importance of incorporating functional foods in the diet or following beneficial dietary
patterns to improve health is fairly well-demonstrated [3]. Dietary patterns comprise all foods and
beverages consumed in various characteristic combinations by different populations across the world.
Among the dietary patterns that are known to have beneficial health effects, the Mediterranean diet is
the best-studied and most evidence-based diet for preventing not only cardiovascular diseases but
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also other chronic diseases, and today has become a standard for healthy eating and a dietary template
of particular value [4]. Moreover, due to its widely proven beneficial health effects, the Mediterranean
diet has been on UNESCO’s Representative List of the Intangible Cultural Heritages of Humanity
since 2013 [5].
Olive oil has been produced for about 6000 years, but in the last 30 years there has been a growing
interest in the use of olive oil in cooking due to the increased knowledge about Mediterranean food
and public awareness of the health benefits of the Mediterranean diet and, particularly, of olive
oil [6]. In fact, virgin olive oil (VOO) is the primary fat source and a fundamental component of
the Mediterranean diet. VOO is obtained through physical procedures either by mechanical or by
direct pressing of the pulp of the olive fruit (Olea europaea L.). The olives, after being crushed to
form a pomace, are homogenized and pressed. This oil is not subjected to any other treatment than
washing, decantation, centrifugation or filtration [7]. The oil produced from this first press is known as
extra-virgin olive oil (EVOO), and it is the highest qualitative olive oil containing the highest levels of
beneficial constituents [8]. Apart from the natural unrefined state, olive oil can also be consumed as a
refined product which is made either from virgin olive oil and called refined olive oil (ROO) or refined
olive–pomace oil [7], or from solvent-extracted oil [9] which is called refined husk oil (RHO).
Regarding EVOO constituents, triglycerides are the major components, representing more than
98% of the total weight. The fatty acid composition of triglycerides is 11% saturated fatty acids
(e.g., palmitic acid (C16:0)), around 80% monounsaturated fatty acids (being oleic acid (C18:1), and
from 55% to 83% total fatty acids, the most important feature of olive oils in comparison to other
vegetable oils), and 9% polyunsaturated fatty acids (i.e., linoleic acid (C18:2ω6)) [10,11]. In addition
to the fatty acids, EVOO contains antioxidant and anti-inflammatory compounds, such as squalene,
phytosterols, and mainly polyphenols and phenolic acids, which provide important beneficial health
effects [12,13]. The total amount of polyphenols and phenolic acids in olive oils depends on several
parameters, such as the growing area, cultivation techniques, water resources, soil management, degree
of maturation, and climate, but the oil production method (malaxation and extraction) also affects the
final amount of these compounds [14–16]. Apart from the sensory and functional properties attributed
to these compounds, their impact on the characterization, classification, and authentication studies
cannot be underestimated [17]. Polyphenol and phenolic acid contents seem to be related to several
food features such as the cultivar geographical areas, variety, and extraction conditions, and as a result,
polyphenol content can be exploited as a source of analytical data to establish vegetable oil product
classifications and even to achieve detection of product adulterations.
Different analytical methodologies have been developed for the determination of polyphenols
and phenolic acids in vegetable oils [18,19]. In this kind of matrix, one of the most critical points
is the extraction procedure employed because it will influence the results obtained after analysis.
Liquid–liquid extraction (LLE) and solid phase extraction (SPE) are among the most widely used
extraction methods in the determination of polyphenols in olive oils [18–28]. As regards the analytical
technique, chromatographic and electrophoretic methods are employed to achieve separation and
quantification of these compounds after sample extraction. However, the fact that a derivatization
step is commonly necessary when gas chromatography (GC) is employed [21], and the low sensitivity
attainable with capillary electrophoresis (CE) methods [29,30] in the determination of polyphenols
make liquid chromatography (LC) the most widely employed technique for that purpose either
with UV detection [22,31,32] or coupled to mass spectrometry (LC-MS) systems [20,33–35]. Liquid
chromatography in combination with high-resolution mass spectrometry (HRMS) has also been
described for the identification and determination of phenolic compounds in vegetable oils [23,24,28,36].
Despite the number of applications described in the literature dealing with the determination of
polyphenols in vegetable oil samples by LC, few works are devoted to classification and authentication
purposes [25].
The aim of this work is to develop an economic, simple, and robust high-performance liquid
chromatography (HPLC) method with UV detection for the determination of several polyphenols and
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phenolic acids in a variety of vegetable oils, including olive, sunflower, soy, and corn oils as well as
vegetable oils prepared by mixtures of different seeds and fruits. HPLC-UV polyphenolic profiles
using peak area data will be exploited to carry out exploratory principal component analysis (PCA) to
achieve vegetable oil sample characterization and classification.
2. Materials and Methods
2.1. Chemicals and Standards
Unless otherwise specified, analytical grade reagents were used. The polyphenols and phenolic
acids studied, which are shown in Table 1, were all obtained from Sigma-Aldrich (Steinheim, Germany)
except for rosmanol, which was purchased from Cymit Quimica S.L. (Barcelona, Spain). Stock standard
solutions of all polyphenols and phenolic acids at ca. 1000 mg/L were prepared in methanol and store
in amber glass vials. The intermediate working solutions were prepared weekly by dilution of these
stock standard solutions using Milli-Q water. All stock solutions were stored at 4 ◦C for no more than
1 month.
Methanol (Chromasolv® for HPLC, ≥99.9%), hexane, and formic acid (≥98%) was also obtained
from Sigma-Aldrich, and ethanol (absolute) was purchased from VWR International Eurolab S.L.
(Barcelona, Spain).
The water used in this work was purified by employing an Elix 3 coupled to a Milli-Q purification
system (Millipore, Bedford, MA, USA) and filtered through a 0.22 µm nylon membrane integrated into
the Milli-Q system.
Table 1. Chemical structures of studied polyphenols and phenolic acids.
Peak Compound Family Structure CAS Number
1 Homogentisic acid Phenolic acid
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olives. No information regarding the olive variety was provided by producers regarding the other
32 olive oils.
Sample treatment was carried out following a previously described method with some
modifications [20]. Briefly, 2.00 g of vegetable oil were weighed into a 15 mL polytetrafluoroethylene
(PTFE) centrifuge tube (Serviquimia, Barcelona, Spain), and 2 mL of an ethanol:water 70:30 v/v solution
were added. The mixture was shaken vigorously for 2 min using a vortex mixer (Stuart, Stone, UK).
The extract was then centrifuged at 3500 rpm for 5 min using a Rotanta 460 RS centrifuge (Hettich,
Tuttlingen, Germany). Then the mixture was frozen for 24 h at −18 ◦C to facilitate the quantitative
recovery of the extract solution. The corresponding extract was transferred into another 15 mL PTFE
centrifuge tube for further clean-up. Then, 2 mL of hexane were added as the defatting agent and the
mixture was shaken vigorously for 2 min in a vortex mixer and centrifuged at 3500 rpm for 5 min.
Then, the aqueous ethanolic extracts were directly analysed with the proposed HPLC-UV method.
Also, a quality control (QC) consisting of a mixture of 50 µL of each ethanolic aqueous
sample extract was prepared to evaluate the repeatability of the method and the robustness of the
chemometric results.
2.4. Data Analysis
SOLO chemometric software from Eigenvector Research was used for calculations with principal
component analysis (PCA) [37]. A detailed description of the theoretical background of this method is
given elsewhere [38].
Data matrices to be treated consisted on the peak area values of the 14 studied polyphenols and
phenolic acids detected (at the registered wavelengths) in the different samples under study. Thus,
the dimension of the matrix was 72 samples × 14 analytes. Normalization pretreatment with respect
to the overall polyphenolic concentration was applied to provide similar weighs to all the samples.
For additional details see Reference [39].
Peak identification in the analysed vegetable oil samples was performed by comparison of
retention times and UV spectra with those of a polyphenolic standard solution. Peak purity was
confirmed by comparison of UV spectra through the entire peak signal.
3. Results and Discussion
3.1. HPLC Conditions
The present work aimed to develop a HPLC-UV method for the separation and determination
of fourteen polyphenols and phenolic acids. We first employed a gradient elution program with an
increasing methanol component from 10% to 90% over 19 min (after an isocratic step of 1 min at initial
conditions), followed by an isocratic step of 3 min at 90%. The HPLC-UV chromatogram obtained
under these conditions for a standard mixture of ~25 mg/L of studied compounds in water as well
as the gradient profile are shown in Figure 1a. The gradient elution program continued up to 30 min
to get back to mobile phase initial conditions and to guarantee column re-equilibration. As can be
seen, baseline chromatographic separation was achieved for almost all compounds in less than 17 min,
although coelutions between vanillin and syringaldehyde (peaks 7 and 8, respectively) and between
p-coumaric, sinapic and ferulic acids (peaks 9, 10 and 11, respectively) occurred.
The gradient elution program was modified in order to improve the chromatographic separation
of the fourteen studied compounds. For that purpose, methanol content was increased more slowly
from 10% to 25% (from min 1 to min 7), and then up to 90% methanol (from min 7 to min 20).
The chromatographic separation obtained is shown in Figure 1b. From this modification, a full
resolution of vanillin and syringaldehyde was attained and a considerable improvement on the
separation between p-coumaric and sinapic acids (peaks 9 and 10, respectively) was achieved, although
partial coelution of these two last phenolic acids with ferulic acid still persisted. Regarding analysis
time, a small increase up to 19 min was obtained.
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Up to this point, several combinations of linear gradients and isocratic steps were evaluated to try
to get a full resolution of all compounds. It should be mentioned that none of the gradient programs
evaluated led to the baseline separation of p-coumaric, sinapic, and ferulic acids, even when increasing
analysis time. In all the conditions studied, sinapic acid coeluted either with p-coumaric acid or with
ferulic acid. For this reason, as a compromise between analysis time and peak chromatographic
resolution, the gradient elution program finally selected consisted of an isocratic step at initial
conditions (10% methanol) for 2 min, a linear gradient up to 25% methanol in 2.5 min, an isocratic step
at 25% methanol for 2.5 min, and then up to 90% methanol till 22 min.
Figure 1c shows the HPLC-UV chromatogram obtained under these conditions. Although partial
coelutions are still observed between p-coumaric, sinapic and ferulic acids, the chromatographic
separation was considered acceptable for the intended purposes.
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hydroxybenzoic acid; 5, caffeic acid; 6, syringic acid; 7, vanillin; 8, syringaldehyde; 9, p-coumaric acid; 
10, sinapic acid; 11, ferulic acid; 12, veratric acid; 13, kaempferol; and 14, rosmanol. (*) system peaks.  
3.2. Instrumental Quality Parameters 
i r . High performance liquid chromatography-ultraviolet (HPLC-UV) chromatograms of
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3.2. Instrumental Quality Parameters
The proposed HPLC-UV method was validated by determining instrumental quality parameters
under optimal conditions. Figures of merit are summarized in Table 2. The LODs, based on
a signal-to-noise ratio of 3:1, were obtained by analyzing polyphenol standard solutions at decreasing
concentration levels. Most of the analysed polyphenols showed LOD values below 0.9 mg/L (in the
range between 80 µg/L and 900 µg/L), and only five polyphenols showed lower sensitivity, being
rosmanol the one with the poorest LOD (11.5 mg/L). The limits of quantification (LOQs) determined,
based on a signal-to-noise ratio of 10:1, were in the range of 0.25 to 38.4 mg/L.
Run-to-run and day-to-day precisions for polyphenol quantification were calculated at
a concentration level of ~30 mg/L. In order to estimate the run-to-run precision, five replicate
determinations were carried out using the proposed method under optimal conditions. The relative
standard deviations (% RSDs) were between 0.6% and 2.9%.
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1) Homogentisic acid 2.6 8.7 0.987 0.12 2.9 0.32 4.3 4.3 29.3 4.5
2) (+)-catechin hydrate 3.5 11.6 0.995 0.05 1.1 0.16 10.1 10.1 31.9 2.3
3) Tyrosol 3.3 11.0 0.986 0.05 2.0 0.15 7.3 7.3 35.1 6.8
4) 4-hydroxybenzoic acid 0.23 0.8 0.995 0.06 1.0 0.23 6.9 6.9 32.6 0.4
5) Caffeic acid 0.5 1.5 0.992 0.07 0.6 0.23 4.2 4.2 41.0 6.7
6) Syringic acid 0.5 1.7 0.996 0.05 0.7 0.20 6.6 6.6 33.2 3.9
7) Vanillin 0.6 1.9 0.995 0.04 0.6 0.14 7.7 7.7 31.1 2.8
8) Syringaldehyd 0.9 3.2 0.988 0.04 1.0 0.13 4.8 4.8 33.4 2.8
9) p-coumaric acid 0.08 0.25 0.997 0.04 0.8 0.12 3.0 3.0 33.4 0.9
10) Sinapic acid 0.15 0.5 0.995 0.04 0.6 0.11 5.7 5.7 33.1 2.4
11) Ferulic acid 0.08 0.27 0.999 0.04 0.6 0.11 11.5 11.5 32.6 3.2
12) Veratric acid 0.15 0.5 0.987 0.04 0.7 0.10 8.6 8.6 32.5 0.3
13) Kaempferol 1.4 4.8 0.991 0.02 0.9 0.06 6.6 6.6 33.9 2.1
14) Rosmanol 11.5 38.4 0.999 0.02 2.1 0.06 3.6 3.6 39.1 1.7
a Calculated at a concentration ~30 mg/L.
A total of 15 replicate determinations were carried out on three non-consecutive days to calculate
the day-to-day precision. As expected, RSD values slightly higher than those observed for run-to-run
precision were achieved, with percentages between 3.0% and 11.5%. Run-to-run and day-to-day
precisions of retention times were also calculated obtaining RSD values lower than 0.12% and 0.32%,
respectively, thus showing the good precision performance of the proposed HPLC-UV method.
External calibration curves based on peak areas at concentrations between LOQ and 80 mg/L
were built. Good linearity was observed (r2 > 0.986) for all the compounds. The trueness of the
proposed HPLC-UV method was also evaluated via quintuplicate analyses, using external calibration,
of standard solutions at concentrations of ~30 mg/L, achieving very good results, with relative absolute
errors ranging from 0.3% to 8.3%.
3.3. Exploratory Analysis by PCA
PCA provided plots of scores and loadings, showing the distribution of the samples and variables
employed on the principal components (PCs), respectively. The study of the plot of scores revealed
patterns that may be correlated to sample characteristics, such as the type of seed employed on
the vegetable oil, etc. The study of the distribution of variables from the plot of loadings provided
information dealing with their correlations as well as dependencies of polyphenols and phenolic acids
on vegetable oil.
Characterization of vegetable oils was attempted using the peak areas of the fourteen polyphenols
and phenolic acids under study found in the analysed samples. For that purpose, the 72 vegetable
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oil samples were processed as indicated in the sample treatment section and the resulting extracts
were randomly analysed with the proposed HPLC-UV method. Figure 2 shows the HPLC-UV
chromatograms of (a) an extra virgin olive oil sample within the 47 olive oils analysed; (b) a sunflower
oil sample; (c) a soybean oil sample; and (d) a corn oil sample, registered at 280 nm under
optimal conditions.
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As can be seen, chromatographic profiles are very different, olive oils being richer in absorbing
signals in comparison to the other vegetable oils. Additionally, only a few of the fourteen analysed
polyphenols were detected being tyrosol, caffeic acid, vanillin, ferulic acid, veratric acid and
kaempferol, and in a lower proportion rosmanol, the most frequently found in olive oils. This is
the first time that veratric acid, kaempferol and rosmanol have been detected in extra virgin olive
oils. This is only a tentative identification of these chemical compounds and further investigations
will be carried out to confirm their presence. Regarding other oils, rosmanol, and in some cases
vanillin among others, prevailed in sunflower and the other seed-based oils. With the information of
the detected targeted polyphenols and phenolic acids, a peak area data matrix with a dimension of
72 samples × 14 compounds was built to be treated by PCA. Figure 3 shows the scatter plots of scores
and loadings of PC1 vs. PC2 of the model so obtained.
As can be seen, QCs appeared in a compact group in the center of the graph, thus demonstrating
the good repeatability and robustness of the proposed method. Regarding this preliminary exploratory
classification model, vegetable oils other than olive oils appeared in a very compact group in the
center-left area of the PC1 vs. PC2 plot, and from this point olive oils were widely distributed to the
right of the plot, showing that PCA employing HPLC-UV polyphenolic profiles targeting only 14 simple
polyphenols and phenolic acids allows discrimination between olive oils and other vegetable oils.
The attention was then focused only on olive oil samples to see if some discrimination occurred
regarding the type variety of olives. Figure 4 shows, as an example, the HPLC-UV chromatograms
registered at 280 nm under optimal conditions of (a) an EVOO obtained from Arbequina olives and
(b) an EVOO obtained from Picual olives. As can be seen, the chromatographic profiles were quite
Separations 2016, 3, 33 9 of 13
different, with Picual olive oils characterized to present more intense peak signals between 14 and 20
min in comparison to Arbequina olive oils.
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A PCA model was then made only using EVOOs; to do this, peak areas of targeted polyphenols
and phenolic acids in the olive oil samples were used to build a data matrix with a dimension of
47 samples × 14 compounds to be subjected to PCA. The scatter plots of scores and loadings of PC1
vs. PC2 are shown in Figure 5. PC1 is discriminating samples according to the content on analysed
polyphenols, being samples distributed to the right area of the plot richer in the targeted compounds
than samples located to the left. In contrast, it seems that PC2 is differentiating samples according
to the variety of olive employed, with 100% Arbequina olive oils located to the top area of the plot,
while 100% Picual olive oils tend to be located to the bottom area. Information regarding type of olive
fruits employed in the production of the other olive oil samples analysed was not provided by the
producers, and most of them will probably be obtained from mixtures of different varieties.
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4. Conclusions
The results obtained in this work sho that PLC-UV polyphenolic profiles can be proposed as
the analytical data for a simple and suitable characterization and classification of olive oils and other
vegetable oils. HPLC-UV method performance was evaluated, producing acceptable LOD and LOQ
values, with good linearity, run-to-run and day-to-day precisions, and method trueness.
PCA applied to phenolic peak area data and the resulting models provided an acceptable
classification and discrimination between olive oils with respect to any other kind of vegetable oil
sample, although no differentiation among these latter was achieved. In addition, an acceptable
discrimination among olive oils regarding the olive variety was also observed, being possible also to
slightly classify samples among Arbequina and Picual olives.
Exploratory PCA of the data o tained by HPLC-UV demonstrated that the method was useful for
the disc imination of olive oil and other vegetable oils, and it could be employed in future studies to
identify olive oil samples adulterated with other vegetable oils of poorer quality, as well as a starting
point to guarantee the Protected Designation of Origin of these products. Future experiments will be
carried out in this sense by employing partial least square regression to resolve authentication and
adulteration issues.
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